The strength against interfacial fracture nucleation from the free-edge of micro-scale bimaterial cantilevers consisting of silicon (Si) and copper (Cu) components is evaluated by using specimens with different free-edge shape. The fracture strength of Type A (90°/90° edge) specimens represented by the near-edge stress normal to the interface () is significantly scattered. On the other hand, the fracture strength of Type B (135°/135° edge) specimens represented by the stress intensity factor of  shows very good agreement. This indicates that the introduction of a sharp wedge at the free-edge is an effective measure for the evaluation of fracture strength that is unique to the interface. Such characteristics are also found to be unaltered by the plasticity of Cu component. The advantage of Type B specimen is then applied to the evaluation of the effect of gaseous environment on the fracture strength. There is no eminent reduction of strength value in hydrogen (H 2 )-containing gas, indicating that Si/Cu interface is relatively resistant against hydrogen embrittlement.
Introduction
Advanced micro-devices such as MEMS/NEMS or LSI contain many interfaces of low-dimensional structural components with micron/submicron scale. The structural integrity of these devices is then affected not only by the strength of the micro-components themselves but also by that of their interfaces. The mismatch of deformability between different materials can cause severe stress concentration around a "free-edge" where an interface and a free-surface intersect. From a viewpoint of the fracture mechanics, the asymptotic stress field near a free-edge is described as follows (Bogy, 1968 , Bogy, 1971 .
Here, the value of stress,  ij , is expressed in terms of a polar coordinate, (r, ), originating from the free-edge (see e.g. Fig. 5 ).  is the singularity index, K the stress intensity factor and f the non-dimensional function of . The nucleation of fracture from such a site should then be controlled as it may subsequently cause brittle (unstable) fracture along the interface whose cohesion is potentially low (Freund and Suresh, 2003) . For normal scale butt joints, the strength against fracture nucleation from a free-edge has been successfully characterized by the K-based criterion, where fracture initiates when K attains a critical value, K c (Reedy and Guess, 1993 , Fang et al., 2001 , Labossiere et al., 2002 . When the size of a component shrinks down to the micron scale, the near-edge stress field represented by Eq. (1) similarly scales down to a much smaller level. The applicability of the continuum-based criterion to such an extreme Takahashi, Aihara, Ashida, Higuchi, Yamamoto, Arai, Muto and Tanaka, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej. situation is, however, not obvious. Experimental verification of the K-based interfacial fracture criterion in micro-components has been attempted for several cases: chromium (Cr) micro-dots fabricated on a silicon (Si) substrate (Hirakata et al., 2006) , micro-cantilevers containing silicon-nitride (SiN)/copper (Cu)/Si layers (Hirakata et al., 2007 , Kawai et al., 2014 . These studies generally claim the validity of the criterion; the nucleation of interfacial fracture from the free-edge is governed by the near-edge singular stress field that extends less than 100 nm. On the other hand, our recent survey on a number of Si/Cu micro-components shows that the fracture strength expressed by the near-edge stress is too scattered to make a reliable judgement of environmental effect (Takahashi et al., 2015) . These contradicting results motivated the authors to revisit the strength properties of the Si/Cu free-edge. In this study, the effect of free-edge shape, which has not been focused in the previous studies, is discussed in detail.
Materials and methods
The material used in this study was firstly prepared as thin films on a Si substrate: Cu film and SiN film, whose nominal thicknesses were 200 nm and 500 nm respectively, were deposited on a Si(100) wafer by argon (Ar) ion sputtering with no heat treatment. Then a micro-cantilever specimen was fabricated by a focused-ion-beam (FIB)-based micro-sampling technique (Hirakata et al., 2007 , Takahashi et al., 2008 , Suzuki and Takahashi, 2012 , Sumigawa et al., 2013 , Takahashi et al., 2014a , Kawai et al., 2014 . Fig. 1 schematically illustrates the specimen fabrication procedure. Firstly, a carbon (C) protective layer (thickness: 1 m) was locally deposited on the SiN layer ( Fig. 1(a) ). Then a block (ca. 10×10×10 m 3 ) was cut out from the C-deposited region ( Fig. 1(b) ) and transferred onto the top cross section of a metal wire with a solid probe ( Fig. 1(c) , (d)). Then a cantilever containing the target interface (Si/Cu) was cut out from the block (Fig. 1(e) ). Finally, a sharp wedge was introduced at the target free-edge ( Fig. 1(f) ). This procedure, as it is mediated by a small volume material that can be processed with lateral beam exposure, is most suited for the fabrication of a complex structure used in this study (Takahashi et al., 2014) . Figure 2 shows the scanning electron microscope (SEM) images of specimens. Two types of specimen geometry are employed: one with no wedge (Type A) and the other with a wedge (Type B). The target free-edges of Si/Cu interfaces in Types A and B have bisecting angles of 90° and 135°, respectively. Takahashi, Aihara, Ashida, Higuchi, Yamamoto, Arai, Muto and Tanaka, Mechanical Engineering Journal, Vol.3, No.6 (2016) The fracture tests were conducted by using a special nano-mechanical holder (HN200E, Nanofactory Instruments AB) for transmission electron microscopy (TEM). It is equipped with a micro load sensor (floor noise level: 3 N pk-pk), a diamond indenter tip attached onto the sensor and a piezo-actuated sample stage (precision: 1 nm). The mechanical apparatus was placed inside an open type environmental cell (EC) inserted to the objective pole piece gap of the Reaction-Science High-voltage transmission Electron Microscope (RSHVEM) at Nagoya University (JEM-1000K RS, Jeol). The cantilever specimen was loaded with the indenter tip by moving the stage in a stepwise manner (1 nm per 2 s). The test environment was either a high vacuum (< 2×10 -5 Pa) or a 4:1 mixture of nitrogen (N 2 ) gas and hydrogen (H 2 ) gas (total pressure: 5000 Pa). The acceleration voltage of TEM was 1000 kV, and digital image recording was done at 30 frames/s. For more details of the experimental setups, see references (Tanaka et al., 2013 , Takahashi et al., 2015 .
The stress distribution in the specimen at the fracture nucleation was calculated by the finite element method (FEM). The specimen size measured with TEM images (x and y directions) and SEM images (z direction) are listed in Table 1 and used for the three-dimensional (3D) modeling. Figure 3 shows an example of the FEM model. A symmetry condition with respect to the xy plane was considered, and the half critical load, P c /2, was applied on the symmetrical plane. All the materials except for Cu were regarded as elastic body. The elastic anisotropy of Si was considered. Cu was regarded as either elastic body or elasto-plastic body. For the latter case, the following Ramberg-Osgood type constitutive relation was applied.
Here, ε and σ are von Mises equivalent strain and stress, respectively, E is the Young's modulus,  0 , n and  are empirical parameters of the present Cu micro-component (Takahashi et al., 2007) . The elastic constants and plastic parameters used in the analysis are listed in Tables 2 and 3 , respectively. The modeling and calculation were done by using ABAQUS ver. 6.14. It should be added that the wedge tip of the FEM model was assumed to be ideally sharp although the actual specimen had a finite curvature (typically a few nanometers). Such a discrepancy, which is tolerated in this study, is postulated to be reflected in the resultant scatter of strength data. Figure 4 shows an example of the fracture test result of a Type B specimen: load application curve (Fig. 4(a) ) and the corresponding in situ TEM snapshots (Fig. 4(b) ). The load constantly increased during points (i) and (ii), and no fracture was observed during this period. Since the piezo actuation was done at a constant rate, the apparently linear behavior of Fig. 4(a) suggests that the cantilever deformation was nominally elastic provided that other part of the specimen was rigid enough. Then the load suddenly dropped and fracture along Si/Cu interface was observed (point (iii)). Although the above example shows that the present TEM gives good image resolution even under the gaseous environment, the nucleation and growth process of the crack is, unfortunately, too fast to be resolved by the present video frame rate. Note that the load curve and fracture behavior of other specimens were basically the same as Fig. 4 Takahashi, Aihara, Ashida, Higuchi, Yamamoto, Arai, Muto and Tanaka, Mechanical Engineering Journal, Vol.3, No.6 (2016) Table 3 Plastic property parameters of Cu used in FEM analysis.
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Takahashi, Aihara, Ashida, Higuchi, Yamamoto, Arai, Muto and Tanaka, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej.16-00108] Takahashi, Aihara, Ashida, Higuchi, Yamamoto, Arai, Muto and Tanaka, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej. regardless of the environment and specimen type. In the following sections, fracture nucleation is hence assumed to occur from the free-edge at the peak load, P c . Figure 5 shows examples of critical stress distribution along Si/Cu interface in Types A and B. The stress value at the position of the xy symmetrical plane (i.e. thickness center in z direction), which was shown to be the largest value in z direction, is employed here. In Type A (90°/90°), both normal stress () and shear stress ( r ) are shown to become constant in the near-edge region. This is attributed to the similar elasticity of Si and Cu; by assuming Si and Cu to be isotropic body (E Si = 130 GPa, E Cu = 129 GPa), the elastic stress singularity ( value of Eq. (1)) derived by solving Bogy's characteristic equation (Bogy, 1971 ) becomes almost zero. In Type B (135°/135°), on the other hand,  and  r are shown to become singular. Two elastic singularities are derived for this case ( = 0.46,  = 0.09), and the former one appears to have greater influence particularly on the near-edge  distribution. The existence of two stress singularities leads to the different slope of  and  r (Yuuki, 1993) . Since the magnitude of the near-edge is much higher than  r ,  distribution is treated hereafter. Figure 6 compares the critical  distribution along Si/Cu interface of all the specimens tested in vacuum. In Type A, the near-edge  of different specimens is rather inconsistent with each other despite their relatively similar Critical stress along interface   and
Stress distribution at fracture nucleation 3.2.1 Elastic analysis
Takahashi, Aihara, Ashida, Higuchi, Yamamoto, Arai, Muto and Tanaka, Mechanical Engineering Journal, Vol.3, No.6 (2016) dimensions (see Table 1 ). On the other hand,  distribution of Type B shows very good agreement in the near-edge region of ca. r < 50 nm while that remote from the free-edge is different owing to the difference of specimen dimensions (see "h" and "d" values in Table 1 ). These results indicate that the fracture nucleation from the free-edge in Type B is controlled by the singular stress field. Note that the same tendency of stress distribution was also confirmed for the case of specimens tested in N 2 H 2 gas. Figure 7 summarizes the fracture strength of specimen Types A and B. Here, the strength value of Type A is represented by the near-edge  (averaged over r < 50 nm). For Type B, the near-edge  is fitted by Eq. (1), and the strength is represented by K. The strength of Type A specimen is again shown to be much more scattered than Type B. The effect of gaseous environment on the fracture strength is not eminent. Figure 8 compares the critical  distribution along Si/Cu interface of all the specimens tested in vacuum. In Type A, the difference of  distribution among specimens is significant. The existence of Cu plasticity, compared with the elastic case shown in Fig. 6(a) , causes redistribution of stress; the near-edge stress is more intensified than the remote-edge stress for this type of edge shape (Hirakata et al., 2007) . The resultant singularity is shown to be fairly different among specimens. In Type B,  distribution is generally the same as the elastic case (Fig. 6(b) ) except that the singularity is slightly relaxed by plasticity. The elasto-plastic stress singularity around a free-edge is known to be Takahashi, Aihara, Ashida, Higuchi, Yamamoto, Arai, Muto and Tanaka, Mechanical Engineering Journal, Vol.3, No.6 (2016) [DOI: 10.1299/mej.16-00108] expressed by the same formalism as Eq. (1) for power-law hardening materials Guess, 1996, Xu et al., 2002) . Then, the fracture strength of Type B specimens is summarized in Fig. 9 in terms of the elasto-plastic K. The general trend is confirmed to be the same as Fig. 7(b) .
Elasto-plastic analysis
Discussion
The present results clearly show that the fracture strength property strongly depends on the free-edge shape. In order to obtain a clue to the origin of this phenomenon, the micro structure of the Cu was investigated. Figure 10 shows the TEM images of the Cu layer. It can be seen that the Cu layer consists of fine grains and their boundaries meet Si/Cu interface ( Fig. 10(a) ). The dark field tilted image (Fig. 10(b) ) further confirms that more than one grain is contained in the thickness direction. The existence of "junctions" formed by the grain boundaries (GBs) and interface, which is not considered in the FEM model, is believed to strongly affect the strength property of Type A specimens: if one of such junctions is located close to the free-edge, the stress singularity at the junction will control the actual fracture nucleation. In other words, the apparent strength value evaluated by assuming the Cu layer to be homogenous body and employing the near-edge elastic (or elasto-plastic) stress field is not essential. The significant scatter of Type A strength can be attributed to this point. On the other hand, the stress singularity at the Type B wedge tip ( = 0.46), which is close to that of an ideal crack ( = 0.5), probably exceeds those at all the GB/interface junctions and hence becomes dominant. The homogenous body assumption regarding Cu in Type B is therefore still valid. Note that the above Takahashi, Aihara, Ashida, Higuchi, Yamamoto, Arai, Muto and Tanaka, Mechanical Engineering Journal, Vol.3, No.6 (2016) discussion may be more quantitatively approached provided that the shape and orientation of each grain are identified and strictly modeled (e.g. Sumigawa et al., 2013) . It is, however, not an easy task to achieve this particularly when two or more grains are contained in the thickness direction as is the case for specimens used in this study.
From an engineering viewpoint, the evaluation of a unique interfacial fracture strength which is independent of the microstructural effect is important. On the other hand, it is generally difficult to introduce an ideal pre-crack and evaluate the subsequent crack growth resistance (toughness) in micro-components. In this regard, the introduction of a sharp wedge (i.e. a pseud crack) at the free-edge and the fracture strength measurement on the bases of K criterion can be a simple and effective methodology. The present study utilizes this point in the evaluation of an environmental effect on the interfacial strength. As a result, no eminent strength reduction caused by hydrogen-embrittlement (HE) was observed for Si/Cu interface as shown in Figs. 7(b) and 9(b) . Note that the fugacity of ionized hydrogen gas is known to be significantly higher than the actual gas pressure; dry hydrogen gas in a TEM-EC, whose pressure is kept between 10-16 kPa, is estimated to have fugacity that exceeds 40 MPa when an electron acceleration of 200 kV is employed (Bond et al., 1986) . The authors have also recently found that the same amount of hydrogen in the EC as the present experiment causes eminent HE in other material systems (e.g. Takahashi et al., 2014b) . The interface of Si/Cu components evaluated in this study is then relatively HE resistant.
In this study, the effect of Cu plasticity was considered within the framework of continuum description (Eq. (2)). The plastic deformation of the present Cu micro-component is confined since it is sandwiched between the rigid Si and SiN. This leads to the significant strain hardening of Cu and hence the high level of near-edge stress not much different from the elastic case ( Fig. 8(b) ). It can be said therefore that the fracture strength represented by the elastic K can be a simple yet reliable index for the present analysis.
Conclusion
The strength against interfacial fracture nucleation from the free-edge of Si/Cu micro-components was investigated by using specimens with different free-edge shape. The results obtained are summarized as follows.
(1) The fracture strength of Type A (90°/90° edge) represented by the near-edge elastic normal stress () showed significant scatter, while that of Type B (135°/135° edge) represented by the elastic stress intensity factor of  showed very good agreement. This indicates that introducing a sharp wedge at the free-edge is an effective measure for the evaluation of a unique strength value. (2) The plasticity of Cu component was found to have little effect on the strength tendency mentioned in (1). (3) The effect of gaseous environment on the fracture strength was evaluated. There was no eminent reduction of strength in H 2 -containing gas, indicating that Si/Cu interface is relatively resistant against hydrogen embrittlement.
